Many bacterial species live at surfaces, and there they encounter a conict. On one hand they have to strongly adhere to the surface to avoid being ushed away in the uid ow, but on the other hand they have to be motile to colonize the surface. To solve this problem, bacteria have evolved surprisingly different molecular mechanisms. They generate pili, polymers that extend from the bacterial surface by z1 mm. Pili use different mechanical tricks enabling bacteria to colonize surfaces while remaining associated with the surface. Whereas type I pili have evolved a catch-bond mechanism 1 in conjunction with force-induced unfolding, 2 type IV pili are grappling hooks that enable bacteria move over surfaces. In this highlight, we will concentrate on the biophysics of type IV pili.
Molecular mechanism of force generationgrab and pull
Type IV pili (T4P) are helical polymers with a diameter of 6 nm (ref. 3 ) and a length on the order of 1 mm (Fig. 1a) . 4 Their main constituent is the major pilin (with the protein name PilE or PilA). Within the pilus, the effective length of a pilin subunit is 0.8 nm;
5 thus a single pilus polymer consists of thousands of pilins. Pilin subunits are stored in the inner membrane of the bacterium.
6 T4P polymerization is supported by an ATPase (PilF or PilB) located in the cytoplasm (Fig. 1b) . 7 The surface properties are determined by insertion of minor pilins and by posttranslational modication. [8] [9] [10] For the details of the molecular mechanism of pilus assembly the reader is referred to a recent review by Giltner et al.
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Type IV pili can retract by depolymerization (Fig. 1b) . During retraction, the pilin subunits are most likely recycled and reinserted into the inner membrane. Retraction is supported by the hexameric retraction ATPase PilT.
12,13 When a load is attached to the tip of the pilus, the retracting T4P exerts force on that load. 12 Laser tweezers experiments have shown that during retraction of single T4P (Fig. 2a) considerable force is generated, in the range of 200 pN for Neisseria gonorrhoeae and Myxococcus xanthus.
13-15 T4P can team up by forming bundles and generate forces in the range of 1 nN. 16 For measuring forces in the nanonewton range, a micropillar assay can be used (Fig. 2b) .
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These experiments demonstrate that the type IV pilus system is among the strongest molecular motors known, although the mechanism of high force generation remains elusive. It is worth mentioning that the term "molecular motor" will refer to the T4P system including the pilus polymer, the ATPases, and other proteins that most likely play a role in transmission of molecular movement from the cytoplasmic ATPases to the extracellular pilus polymer.
Putative functions of force generation
The biological function of high force generation by type IV pilus retraction is currently unclear. For pathogenic Neisseria it has been suggested that force acts as a signal to its host cells and recent experiments support this hypothesis; during infection of epithelial cells, N. gonorrhoeae generate considerable force.
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Mechano-sensitive pathways are stimulated during infection of epithelial cells with force-generating N. gonorrhoeae. 19 To demonstrate the T4P mediated mechanical force, which triggers cytoskeletal rearrangements within the host cells, force was applied to pilus-coated beads using laser tweezers. Cytoskeletal rearrangement occurred rapidly on a time scale of 2 min.
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Application of force in the range of $1 nN can alter the structure of the pilus, exposing epitopes that are hidden in the absence of force. 21 Furthermore, hidden epitopes become accessible during infection of endothelial cells, suggesting that T4P generated force may support exposure of these epitopes.
Although there is increasing evidence that force generation by T4P affects the interaction between pathogenic Neisseria and their human host cells, it is unclear what function high force generation may have in other bacterial species that inhabit different niches.
Control of velocity
The type IV pilus motor works in distinct velocity modes, namely retraction at two different speeds and elongation (Fig. 3) . 23, 24 Switching between retraction and elongation occurs at different time scales; in the range of milliseconds (corresponding to several pilins) and in the range of hundreds of milliseconds (corresponding to hundreds of pilins). 24 The probability of switching from retraction to elongation increases with increasing force. Back-stepping at the level of single pilins is reminiscent of in vitro single molecule assays with processive molecular motors, but rigorous characterization will require higher spatial resolution of the laser tweezers experiments. Directional switching at the scale of several hundreds of pilins is more likely explained by different modes of the pilus systems, e.g. by binding and unbinding of the retraction ATPase PilT. Supporting this assumption, the probability for switching from the retraction mode to the elongation mode increases with decreasing concentration of PilT.
24
Furthermore, T4P retraction can occur in two distinct speed modes. 24 This very unusual motor property is conserved between different bacterial species. 14 For both speed modes the speed of pilus retraction decreases with increasing force (Fig. 3a) . Furthermore, a retraction ATPase in N. gonorrhoeae, PilT2, increases the speed of both modes by a factor of $2.
13
PilT2 is a paralog of PilT whose protein sequence has a high degree of similarity.
Speed switching between the different retraction speeds can be understood in terms of a two-state system. 13 Interestingly, the probability of nding the T4P in one or the other mode is controlled differently in different species. In N. gonorrhoeae, speed switching from the high speed mode (2 mm s À1 ) to the low speed mode (1 mm s À1 ) can be triggered by depletion of oxygen.
At time periods in which oxygen is nearly depleted, speed switching occurs during a single pilus retraction event, indicating bistability. 13 The maximum force generated by a single T4P is lower under anaerobic conditions. 13 In Myxococcus xanthus, oxygen depletion does not trigger speed switching; however, reversible switching occurs at forces exceeding 8 pN. In N. gonorrhoeae, reversible switching occurs only at forces exceeding 100 pN (Fig. 3b) .
In summary, the biophysical properties of type IV pilus dynamics can be ne-tuned by mechanical force, concentration of ATPases, and oxygen. Although the mechanical properties are conserved between species, the speed regulation seems to have evolved differently. It will be exciting to assess the molecular mechanism of velocity switching and its biological function. 
Translation of pilus retraction to bacterial movement
Cycles of type IV pilus elongation, adhesion, and retraction power bacterial surface motility as has been demonstrated using TIRF microscopy. 25 Nevertheless, the question remains how individual T4P coordinate for generating movement. Recently, this question has been addressed with different bacterial species. N. gonorrhoeae employs T4P as their only molecular motor for movement while P. aeruginosa and M. xanthus use additional motility systems. Therefore, it is important to understand the coupling of T4P driven motility to these other motors.
26
There is recent evidence that different bacterial species use a two-dimensional tug-of-war mechanism for T4P-driven surface motility (Fig. 4a) . N. gonorrhoeae are round bacteria whose pili are distributed all around the cell body (Fig. 1a) yet their movement exhibits directional persistence and the persistence time increases with increasing number of pili per cell. 4 Their speed shows a mono-modal distribution around 1.5 mm s À1 under aerobic conditions and around 0.5 mm s À1 under anaerobic conditions. The movement can be modeled as a stochastic tug-of-war with directional memory (Marathe et al., unpublished), whereby directional memory most likely arises from pilus bundling or from the fact that the T4P complex is not disassembled aer a full retraction. Thus in contrast to a onedimensional tug-of-war found in cytoskeletal motors, 27 directional memory is necessary to generate directional persistence in two dimensions.
In rod-like P. aeruginosa, surface motility can switch between horizontal "crawling" and vertical "walking" (Fig. 4b and c) .
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The transition from crawling to walking is facilitated by the second molecular motor used for movement by P. aeruginosa, namely agella. 29 The directional persistence of walking cells is lower than for crawling bacteria. Crawling has the characteristics of a sling-shot as it is characterized by a succession of slow (0.3 mm s À1 ) and fast (1 mm s À1 ) movements. 30 The fast movement is accompanied by a rotation of the bacterium. Mechanistically, this type of movement can be understood as a tug-of-war between pili at the leading pole; movement is dominated by rupture of pili from the surface, leading to fast rotation and movement at the speed of individual pilus retraction (Fig. 4b) . When uid ow is applied, the rod-like P. aeruginosa align within the ow. As a consequence, the bacteria tend to move upstream.
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The rod-like M. xanthus tightly controls the location of its T4P through a molecular clock that triggers the process of switching the location of the T4P between both poles every 6-8 min.
32 Interestingly, the PilT retraction ATPase resides mostly at the lagging pole. 33 A few PilT molecules are located at the leading pole, triggering pilus retraction and movement. T4P motility in M. xanthus shows different biophysical characteristics when compared to P. aeruginosa and N. gonorrhoeae. During movement, M. xanthus deposits extracellular polysaccharides (EPS) and other slime components on the surface. 34 Apparently, the interaction of the cell body with the EPS impairs pilusdriven movement. 35 Eventually the cell body yields to the pilusgenerated force and the bacterium starts sliding. Thus the movement has an aperiodic slip-stick character (Fig. 4d) . Slip duration and slip displacement follow scaling laws known from earthquake dynamics. 35 The different behavior of M. xanthus may be connected to the second motor for surface motility that seems to be specic to myxobacteria, termed A-motility.
36
A-motility involves transient adhesion complexes that remained at xed positions relative to the substratum as cells move forward. 37 This movement is mediated by membrane-bound cytoplasmic complexes consisting of motor and regulatory proteins that are directionally transported down the axis of a cell at constant velocity.
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In conclusion, the translation of single T4P retractions to bacterial surface movement can be understood in terms of force-balance. Importantly, the shape of the bacterium, surface interaction, and the coupling to other molecular motors determine the dynamics of bacterial movement.
Bacterial motility in micro-structured environments
Type IV pilus driven surface motility depends on the physicochemical properties of the surface. So far no unique receptor has been found, but it has been shown that T4P mediate adhesion to very different surfaces including glass, polystyrene, BSA, lipids, and eukaryotic cells. On the other hand, the biophysical properties of surface motility strongly depend on the surface. The characteristic slip-stick motion of M. xanthus depends on their ability to secrete extracellular polysaccharides.
35 N. gonorrhoeae can adhere to solid-supported lipid membranes. The speed of surface movement increases with decreasing membrane uidity.
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With these results in mind, structured surfaces have been designed where the physico-chemical properties control bacterial movement. For example, bacterial motility can be conned to stripes or to islands (Fig. 5a) . 39 In particular, on BSA-islands surrounded by uid lipid membrane, motile N. gonorrhoeae are trapped on the islands. Mechanistically, bacteria cannot translate T4P retraction into movement on uid lipid membranes and therefore, they are unlikely to move from the rigid BSA-surface into the uid membrane. Furthermore, the location of bacterial clusters can be controlled by microcontact printing.
The transition from single cell motility to microcolonies occurs when the surface coverage of the islands exceeds $50%. In a different approach, motile bacteria were guided by elevations with dimension and depth corresponding to the size of the bacteria. 40 Fences of 1 mm height tend to reect N. gonorrhoeae. Grooves with micrometer-dimensions attract motile N. gonorrhoeae and M. xanthus and force them to move preferentially within the grooves (Fig. 5b) . Most likely, the reason why bacteria are trapped in grooves is that they encounter a larger adhesive surface within the groove than on the ridge.
In their natural habitat, bacteria encounter spatially inhomogeneous environments. The experimental techniques discussed above allow us to control the spatial residence of bacteria. In particular, the formation of bacterial clusters as controlled by microcontact printing 39 can be considered the rst step to biolm formation. It would thus be interesting to rationally design surfaces that can control the formation and architecture of bacterial clusters and biolms.
Conclusion
The single motor properties including velocity and force generation are very well conserved between different bacterial species. It will be a future challenge to understand the molecular basis of high force generation and of velocity control. The coordination of multiple motors and the response to different environmental inputs has evolved very differently. In future studies it would be interesting to investigate the biophysical response of the type IV pilus system to environmental inputs including cell-cell communication and tactic signals, such as lipid chemotaxis 41, 42 or phototaxis. 
